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4. Neural substrate of disparity vergence and development of binocular vision
4.1 Introduction
In this chapter a description will be given of the afferent pathways, the central nervous
system and the efferent pathways, as far as they are important for disparity vergence. The
purpose is to provide the necessary information on the subject of neuroanatomy and
neurophysiology.
Findings in the literature on the neural substrate of disparity detection (afferent pathways,
disparity vergence control and efferent pathways) will be briefly mentioned in section 4.2.
The development of binocular vision is summarized in section 4.3. Some aspects of the
neurophysiology and development of binocular vision will be mentioned in chapter 8 as
well, because of their possible role in the etiology of microstrabismus.
4.2 Neural substrate of disparity vergence
4.2.1 Neuroanatomy and -physiology of the afferent visual system
The neurophysiological structures, forming the afferent and central visual system, are:
- the retina, stimulation of rods and cones causes a receptor potential;
- the bipolar and the horizontal cells;
- the ganglion cells, which transmit the signals via the optic nerve fibre;
- the optic nerve fibres;
- the optic chiasm where all fibres from the opposite nasal halves of the retina cross
and join the fibres from the temporal halves of the retina of the same side, to form
the optic tracts;
- optic tract fibres synapsing mainly in the lateral geniculate body (or optic radiation)
and partly (about one fifth) in the superior colliculus and (a small fraction) in the
pretectal regions.
- the visual cortex; the first binocular interaction takes place in the primary visual
cortex.
4.2.1.1 Optic tract
Optic tract fibres from upper retinal quadrants (inferior visual field) terminate medially in
the lateral geniculate nucleus or body. Inferior retinal quadrants (superior visual field)
project laterally. The macular fibres terminate posteriorly in a substantial portion of the
lateral geniculate nucleus.
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4.2.1.2 Lateral geniculate body
The lateral geniculate body is composed of 6 nuclear layers: Layers 1, 4 and 6 receive
signals from the nasal retina of the opposite side. Layers 2, 3 and 5 receive signals from
the temporal part of the ipsilateral retina. Horton (1992) reviews the following types of
cells:
Based on the morphology of neurons in the dorsal and ventral laminae of the geniculate
body of the monkey and the cat, two types of cells can be differentiated; the two ventral
laminae contain loosely packed cells 30 µ in diameter, called magnocellular, the four
dorsal laminae have smaller neurons, that are called parvocellular.
The functional specificity of these layers is in short: Parvocellular laminae have colour-
selective responses, while magnocellular laminae have colour-blind broad-bands. In the
lateral geniculate body of the primate, the parvocellular (dorsal) laminae receive input
from the β ganglion cells, connected with the midget cells that are concentrated in the
fovea, and the magnocellular (ventral) laminae receive input from the parasol or
α ganglion cells. Chemical lesions of the parvocellular layers of the lateral geniculate
body impair fine random dot stereopsis in trained monkeys.
Initially, stereopsis was thought to be a function of the magnocellular channel (Livingstone
and Hubel, 1988) but Schiller (1990) examined the visual capacities of monkeys after
interruption of the magno- or parvocellular channels. He found that the perception of
colour, texture, shape, pattern and fine stereopsis is mediated by the parvocellular channel
while the temporal aspects of perception (motion and flicker) are mediated predominantly
by the broad-band (magnocellular) channel. At low spatial frequencies both channels are
capable of processing stereoscopic depth, brightness and scotopic vision.
Another summary of magno- and parvocellular functions (Tyler, 1992) is as follows:
Parvocellular as well as magnocellular pathways contribute to disparity detection. Fine
disparities (0-0.3 deg) are conducted by the parvocellular pathway, coarse disparities (0.1-
10 deg) by the magnocellular pathway. The parvocellular pathway has a latency of 250
msec, the retinotopic localisation is foveal to 5 deg eccentric. The temporal sensitivity of
the parvocellular pathway is below 2 Hz and its function in vergence probably is vergence
maintenance. The magnocellular pathway has a latency of 130 msec, and corresponds with
a parafoveal localisation in the retina. The temporal frequency is higher (above 3 Hz) and
its function in vergence is probably vergence initiation. (Schiller, 1979; 1990; 1992).
Schiller proposes two forms of disparity processing: The parvocellular neurons are
functioning in case of for instance stationary random dot stereograms, the magnocellular
neurons are necessary for the detection of disparate targets containing monocularly visible
form cues. This division has been cited by several authors (Tyler, 1990; De Yoe, 1988;
Segal, 1991; Johnson, 1993).
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4.2.1.3 The striate or primary visual cortex
From the lateral geniculate body the fibres pass through the optic radiation and end in the
striate cortex (or primary visual cortex, also called V1). Hubel and Wiesel (1962) divided
the primary visual cortex cells on the basis of their receptive field properties: simple,
complex and hypercomplex.
Simple cells have receptive fields that can be mapped into excitatory and inhibitory
subdivisions with a small spot of light. Unlike the lateral geniculate they are arranged in
parallel bands separated by straight boundaries. Effective stimulation of these cells can be
achieved by moving a light or dark bar, with a specific speed and direction. The cells are
mainly found in layer IV of the cortex.
Complex cells do not have distinct on and off centres. They respond to movement of the
light stimulus anywhere in a receptive field. It is the orientation of the stimulus that
evokes the response. Many properties of complex cells are similar to those of simple cells.
The receptive fields of a given binocular complex cell are on corresponding parts of the
two retinae and have identical receptive field properties. Complex cells are found above
and below layer IV.
Hypercomplex cells were found by Hubel and Wiesel (1965) but later it was discovered
that the same kind of subtype could be found among the simple cells. These cells are
complex or simple cells that show a sharp declination of response when the stimulus
exceeds the length of the activating portion of the receptive field (Dreher, 1972) therefore
they have been renamed "end stopped cells".
The magno and parvo cells of the lateral geniculate body project to several layers of the
primary visual cortex. In monkeys, the parvocellular recipient of the primary visual cortex
is layer IVCβ. The magnocellular recipient of the primary visual cortex is layer
IVCα. Here the inputs are strictly monocular, from the nasal hemiretina of the
contralateral eye and from the temporal hemiretina of the ipsilateral eye. The first level of
binocularity of the magnocellular pathway is lamina IVB and VI of the primary visual
cortex (Tychsen, 1992). The first level of binocularity of the parvocellular pathway is
lamina IVA of the primary visual cortex.
The paired right eye and left eye monocular cells converge on binocular cells of layer
IVA. The axon terminals from the right and left eye are not randomly distributed in the
primary visual cortex but they are segregated into alternating parallel stripes called ocular
dominance columns (See section 4.3.4.2).
Some binocular cortical neurons react with maximum activity on excitation of
corresponding points. The receptive fields of these neurons probably correspond with
points on the horopter. Barlow, Blakemore and Pettigrew (1967) found a number of
neurons in the primary visual cortex of the cat that were sensitive to excitation of slightly
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disparate points. Poggio and Fisher (1977) defined four types of cells in the foveal striate
(A17) and prestriate (A18) of monkeys:
T0 Tuned excitatory (zero disparity). Cells that responded to targets on the horopter and
were inhibited by targets in front of or behind the horopter;
Tn Tuned near. Cells that respond to targets in front of the horopter (crossed disparity);
Tf Tuned far. Cells that respond to targets behind the horopter (uncrossed disparity);
Ti Tuned inhibitory. Cells that remain quiet as targets are on the horopter, but begin to
fire once the fixated target is of the horopter.
4.2.1.4 Extra-striate visual cortex
According to the classical view, the areas 18 and 19 are considered to be visual
association areas (Brodmann, 1909). There is no clear anatomical distinction, however.
Recent studies in monkeys have revealed that areas 18 and 19 together contain at least
five distinct cortical areas devoted to visual processing: V2, V3, V3A, V4, and V5. So far,
25 cortical areas which are predominantly or exclusively engaged in vision have been
identified in the monkey. There is a systematic increase in the proportion of neurons
sensitive to binocular disparity as one progresses from area V1 to V2 to V3 in monkeys.
Maunsell found that the visual area MT (middle temporal visual area) in monkeys is of
great importance for motion perception and eye movement. About 50 % of cells in this
area are disparity sensitive (Maunsell et al., 1983). Visual and motor cells in this area and
in an area adjacent to MT that discharge for vergence eye movements in the monkey were
found by Gnadt and Mays (1989). The visual cells encode disparity for vergence and
smooth pursuit, the motor cells encode vergence velocity and lens accommodation. A
relation between an equal input from both eyes and the development of layer IVB of the
primary visual cortex and the MT area has been suggested by Tychsen in a review in
1992. The role of cortical development in congenital strabismus will be worked out in
chapter 8.
4.2.2 The efferent pathway
Several structures in the brainstem at the level of the colliculus superior will be mentioned
in this chapter and in chapter 8, therefore a cross section at this level is shown in figure
4.1. The oculomotor nucleus lies beneath the aqueductal grey matter of the rostral
midbrain at the level of the superior colliculus (level d in figure 4.1). At this level the
medial longitudinal fasciculus passes just lateral to the oculomotor complex (MLF in
figure 4.1).
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